Top ten risk factors for morbidity and mortality in patients with chronic systolic heart failure and elevated heart rate: the SHIFT risk model. Aims: We identified easily obtained baseline characteristics associated with outcomes in patients with chronic heart failure (HF) and elevated heart rate (HR) receiving contemporary guideline-recommended therapy in the SHIFT trial, and used them to develop a prognostic model. Methods: We selected the 10 best predictors for each of four outcomes (cardiovascular death or HF hospitalisation; all-cause mortality; cardiovascular mortality; and HF hospitalisation). All variables with p b 0.05 for association were entered into a forward stepwise Cox regression model. Our initial analysis excluded baseline therapies, though randomisation to ivabradine or placebo was forced into the model for the composite endpoint and HF hospitalisation. Results: Increased resting HR, low ejection fraction, raised creatinine, New York Heart Association class III/IV, longer duration of HF, history of left bundle branch block, low systolic blood pressure and, for three models, age were strong predictors of all outcomes. Additional predictors were low body mass index, male gender, ischaemic HF, low total cholesterol, no history of hyperlipidaemia or dyslipidaemia and presence of atrial fibrillation/flutter. The c-statistics for the four outcomes ranged from 67.6% to 69.5%. There was no evidence for lack of fit of the models with the exception of all-cause mortality (p = 0.017). Similar results were found including baseline therapies. Conclusion: The SHIFT Risk Model includes simple, readily obtainable clinical characteristics to produce important prognostic information in patients with chronic HF, systolic dysfunction, and elevated HR. This may help better calibrate management to individual patient risk.
Top ten risk factors for morbidity and mortality in patients with chronic systolic heart failure and elevated heart rate: The SHIFT Risk Model 
Introduction
In patients with chronic systolic heart failure (HF), despite modern pharmacological therapy, episodes of worsening heart failure (WHF) are common, and history of previous hospitalisation further increases the risk of subsequent admissions or death [1, 2] . Recent European Society of Cardiology (ESC) guidelines recommend ivabradine to improve outcome for patients in sinus rhythm who remain symptomatic with reduced left ventricular ejection fraction (LVEF) and heart rate ≥ 70 bpm despite other evidence-based therapies, including betablocker [3] . This recommendation is based on the results of SHIFT (Systolic Heart failure treatment with the I f inhibitor ivabradine Trial), in which the patients enrolled had a hospital admission during the year preceding the trial enrolment.
Advances in therapies for HF create a continuous need for the construction of new models in contemporary HF trials. Objective prognostic information could guide decision-making in the management of HF in all or subsets of patients. Risk models also have a value in economic evaluations for projecting the potential benefit of a therapy that prevents non-fatal events and in identifying subgroups where the economic impact is greatest. Similarly, risk stratification can provide the opportunity to explore potential interactions between underlying risk and treatment effect. In some contexts, estimation of risk can be used to target individuals for more intensive monitoring and therapy. HF risk assessment is multifactorial and will inevitably involve multiple measurements. Some have argued that relatively simple risk scores, not needing computers, are needed [4] . However, with the growth in the use of electronic patient records and the universal availability of handheld devices capable of complex calculations, this argument no longer seems tenable. On the other hand, there are advantages in scores that utilize a modest number of readily available risk factors as well as more complex models.
Recent approaches to developing risk models in HF include that published by the CHARM (Candesartan in Heart failure: Assessment of Reduction in Mortality and morbidity) investigators [5] and Seattle Heart Failure Model [6] , which evaluates factors prognostic for HF and was developed and validated in independent cohorts. The MAGGIC (Meta-analysis Global Group in Chronic Heart Failure) collaborators have also recently developed a risk model for all-cause mortality based on 39,372 patients from a group of HF trials and registries conducted over a long period of time [7] . However, this approach has been a subject of debate because it includes a heterogeneous group of patients many of whom were recruited when heart failure treatment did not include all the modalities commonly used day.
The aim of the present study was to investigate the risk for the outcomes of death from all causes, death from cardiovascular causes, and death and/or hospitalisation for HF in symptomatic patients in sinus rhythm with chronic HF, left ventricular systolic dysfunction (LVSD) and heart rate ≥70 bpm (a level known to be a risk descriptor in HF), in whom therapy with ivabradine might be considered. Analyses are based on data from the Systolic Heart failure treatment with the I f inhibitor ivabradine Trial (SHIFT).
Methods

SHIFT study design
SHIFT was a randomised, double-blind, placebo-controlled trial in patients with moderate to severe HF and LVSD. The study design has been described in detail previously [8, 9] . SHIFT included patients with symptomatic HF stable for at least 4 weeks, who had a hospitalisation due to WHF within the past 12 months, were in sinus rhythm with a resting frequency ≥ 70 bpm, and had an LVEF ≤ 35%. A total of 6505 patients were randomised and received ivabradine, a sinus node inhibitor, or placebo, on top of standard HF therapy. Median follow-up in the SHIFT trial was 22.9 (IQR 18-28) months. Hospitalisation for WHF during follow-up was defined as an admission with new or increasing symptoms and signs of HF including fluid retention or other objective evidence of HF, in combination with a change in treatment to improve HF. An endpoint validation committee adjudicated all pre-specified events including HF and cardiovascular death. All patients provided written informed consent for their participation in the study. The study complies with the Declaration of Helsinki and was approved by ethics committees in all participating countries.
Statistical methods
We reviewed baseline data collected in the SHIFT trial and identified all variables that could potentially be associated with adverse clinical outcomes (Table 1 ). In addition to demographic information, medical history, and basic measurements, we included laboratory measurements and baseline cardiovascular medications. The analysis focuses on the 6390 participants who had complete baseline data.
We studied four outcomes, namely a composite of cardiovascular death or hospital admission for HF (the primary outcome of SHIFT), all-cause mortality, cardiovascular mortality, and hospital admission for HF. All analyses are based on the time from randomisation until the first outcome for each endpoint or end of study, whichever came first. Follow-up was censored at time of death for deaths not included in the outcome analysed. Analyses were based on Cox proportional hazard models. We first reviewed all continuous risk factors univariately to assess whether or not there was evidence of a non-linear relationship with risk of each outcome. Variables were then included in the analysis as continuous variables or were categorised by tertiles or quartiles of their distribution as appropriate. As was done in the models fitted for the CHARM trials [5] , all patients under the age of 60 years were assigned the same risk and a linear continuous relationship was assumed above the age of 60 years. A similar approach was adopted for body mass index (BMI) where the same risk was assumed for all BMI N 27.5 kg/m 2 , with a continuous relationship below 27.5 kg/m 2 . Two strategies for risk modelling were used (Appendix A). In the first approach, we selected the top 10 best predictors for each outcome, in addition to randomised treatment allocation in the case of cardiovascular death or hospitalisation for HF. We excluded randomised treatment for other outcomes as there was no significant association of randomised treatment with mortality outcomes. On the basis of the univariate Cox models, all variables with p b 0.05 for association for a Values are means ± SD or numbers (%). NYHA = New York Heart Association. eGFR = estimated glomerular filtration rate (modification in diet in renal disease formula). CRT = cardiac resynchronisation therapy. ICD = implantable cardioverter defibrillator.
particular outcome were entered into forward stepwise Cox regression model analysis with p b 0.05 to enter the model, with the exception that randomised allocation to ivabradine or placebo was forced into the models for cardiovascular death or hospitalisation for HF and hospitalisation for heart failure. We fitted models both including and excluding baseline therapies (drugs and devices). This provided two models for each outcome.
In the second approach, we adopted a similar strategy, but allowed all variables to potentially enter the models without a limit on the number of variables in the model. This provided a further two models for each outcome. Results for the best 10 predictors are provided in the main manuscript (first approach) and for the larger models in Appendix B (second approach).
To assess the ability of the models to discriminate between patients who do and do not have events, we calculated c-statistics. To measure goodness of fit of our models, we first calculated outcome-specific risk scores for each subject and used these to assign the patients to 10 categories based on deciles of their risk scores. The categorical variables associated with the 10 subgroups were then added to each fitted risk model and a Wald test for the added terms was computed as a lackof-fit test. The observed and predicted numbers of events in the ten subgroups were compared graphically using bar charts (results only for the models including baseline therapies are presented in the paper).
Finally, for the primary outcome, a risk model was developed excluding randomised treatment group. All patients were then assigned to five subgroups on the basis of quintiles of their estimated baseline risk scores. The effect of ivabradine treatment compared to placebo was then evaluated within each subgroup and then compared across subgroups in a Cox regression model to test for evidence of an interaction between treatment and underlying risk using a trend test. A description of the calculations involved in deriving risk probabilities is given in Appendix A.
Statistical analyses were performed by the Robertson Centre for Biostatistics (Glasgow, UK) using SAS (version 9.2).
Results
Baseline characteristics for potential risk factors are given in Table 1 . Univariable associations of each potential risk factor with each of the four outcomes studied are given in Table 2 . The patterns of associations are almost identical for all-cause and cardiovascular mortality, with all factors being associated with outcome, with the exception of device use, ACE inhibitor, and vitamin K antagonist use, and a history of diabetes; there were only weak associations for ARB use, prior coronary surgery, and ischaemic HF. Associations with the primary outcome and HF hospitalisation were broadly similar. However for these outcomes, there was no association with gender, no or weaker associations with history of ischaemic HF or myocardial infarction, hypertension, and hyperlipidaemia/dyslipidaemia, and stronger associations with ACE inhibitor use, vitamin K antagonist use, and use of devices.
The top 10 predictors of outcomes in the models excluding baseline therapies are given in Table 3 . Increased heart rate, low LVEF, raised creatinine, being in NYHA class III/IV, longer duration of HF, increased age (with the exception of cardiovascular mortality), history of left bundle branch block and low systolic blood pressure were strong predictors for all four outcomes. Additional predictors of outcome were low BMI for all-cause and cardiovascular mortality, male gender for all-cause mortality, ischaemic HF for cardiovascular mortality, lower levels of cholesterol for the primary outcome and HF hospitalisation, a history of atrial fibrillation/flutter for primary outcome, and diabetes or lack of history of hyperlipidaemia/dyslipidaemia for HF hospitalisation. The c-statistics for the four outcomes in Table 3 ranged from 67.6% to 69.5%. There was no evidence for lack of fit for the primary outcome, cardiovascular mortality, or HF hospitalisation (p = 0.10, p = 0.54, and p = 0.07, respectively). However there was some evidence for lack of fit for the model predicting all-cause mortality (p = 0.017).
The top 10 predictors of outcomes in the model including baseline therapies are given in Table 4 . For the primary outcome and HF hospitalisation, compared to the model excluding baseline therapies, systolic blood pressure and atrial fibrillation/flutter dropped out of the model to be replaced by treatment with cardiac glycosides and MRAs. For all-cause mortality, history of left bundle branch block and male gender dropped out to be replaced by history of ischaemic HF and treatment with cardiac glycosides. For cardiovascular mortality, systolic blood pressure and history of left bundle branch block dropped out to be replaced by treatment with cardiac glycosides, MRAs, and not being treated with lipid-lowering agents. The c-statistics increased slightly ranging from 68.2% to 70.2% (Table 4) . For these models, there was no evidence of lack of fit for the all-cause and cardiovascular mortality models (p = 0.11 and p = 0.47, respectively), while there was evidence of lack of fit for the primary outcome and HF hospitalisation (p = 0.005 and p b 0.0001, respectively).
Similar results were found in the approach using all variables to the approach including the top 10 predictors, with the exception that inclusion of additional predictors resulted in no evidence of lack of fit for the models incorporating baseline therapies. The corresponding results are presented Appendix B.
Comparisons of the predicted numbers of events (percentage event rate) with the actual numbers of events observed in the SHIFT trial are illustrated for the four outcomes in the model including baseline therapies in Fig. 1 . Fig. 2 shows Kaplan-Meier time to primary outcome plots for the estimated treatment effects of ivabradine or placebo for the study participants split into fifths of baseline risk. There is no evidence of an interaction between benefit and risk with clear evidence of benefit in both the lowest and highest fifths of the distribution of risk (Fig. 3) .
Discussion
Our SHIFT Risk Model was constructed from an analysis in patients with systolic HF in sinus rhythm with high levels of the use of current evidence-based medical therapy (79% ACE inhibitors, 14% ARBs, 90% beta-blockers, and 60% mineralocorticoid receptor antagonists) [10] . The parameters in the model are all easy to obtain in routine clinical practice or with simple laboratory tests, and the result is a model that is reasonably good at predicting mortality and morbidity outcomes over 2 years (c-statistic, 67.6% to 69.5%). The best predictors of poor prognosis were resting heart rate, LVEF, creatinine, BMI, NYHA class, duration of HF, age, SBP, history of left bundle branch block, male sex, ischaemic HF, total cholesterol, and history of atrial fibrillation/flutter.
The role of elevated resting heart rate in predicting morbidity and mortality outcomes in patients with systolic HF is well established, and there is a progressive rise in risk as resting heart rate rises above 70 bpm [11, 12] . In the SHIFT population, which, by definition, already had a resting heart rate ≥ 70 bpm, every 10-bpm increase in resting heart rate was associated with a 31% increase in the primary composite endpoint, a 26% increase in all-cause mortality, a 27% increase in cardiovascular mortality, and a 32% increase in HF hospitalisation. As an important component of risk, therefore, resting heart rate was also an important parameter in the risk model.
Our analysis also confirms the importance of conventional HF risk factors. Poor outcomes are expected to be more likely in the very elderly and, accordingly, we found that a 10-year increase over the age of 60 years increased the risk for primary composite endpoint by 24%, all-cause mortality by 29%, and HF hospitalisation by 25%. Whether this increase in risk with age is due to greater severity, increasing number of unmeasured comorbidities, or discrepancies in care of elderly HF patients remains unclear [13] . In this context, we also found that patients with long-standing disease were at 7% to 9% higher risk for all four outcomes for each 2 years they have lived with HF. Measures of severity of congestive HF also came out as strong predictors in the SHIFT Risk Model. NYHA class constitutes a clinical measure of symptomatic severity and is known to be a strong predictor of survival in HF [3] . Indeed, in our study, being in NYHA class III/IV, i.e. having moderate to severe symptoms, was associated with a 43% increase in risk for the SHIFT primary composite endpoint versus those who were only mildly symptomatic (NYHA class II). Worsening myocardial function, as recorded by decreased LVEF, is known to predict morbidity and mortality endpoints [14] . In line with this, we found that a reduction of LVEF by 5% led to a 20% increase in risk for the primary composite endpoint.
The inverse relationship between BMI and prognosis in HF is well known, and the so-called "obesity paradox," by which decreased BMI is associated with poorer outcomes in HF in contrast to the situation in CAD, has been widely discussed in the literature [15] [16] [17] . Similar paradoxical relationships are observed for blood pressure and total cholesterol [17] [18] [19] , insofar as low SBP and/or serum lipoprotein levels are associated with substantially greater risk in HF. Our results are totally in line with this.
Meta-analyses have indicated that renal dysfunction confers a substantially higher risk of mortality than those with normal renal function [20, 21] . An increase in creatinine by 10 units was found to be predictive of primary endpoint (6% increase in risk) in the SHIFT Risk Model. Left bundle branch block and history of atrial fibrillation are also known to affect prognosis in patients with HF [22, 23] . Accordingly, we found that the presence of one of these conditions in the SHIFT population was an important contributor of increased risk for the primary outcome. This is in line with the findings from the CHARM database, in which atrial fibrillation was a predictor of outcome, particularly for HF with preserved ejection fraction [24] .
In our study, ischaemic aetiology was predictive of mortality outcomes, but not for HF hospitalisation. By contrast, diabetes was predictive only for HF hospitalisation, but not mortality outcomes, and being on ACE inhibitor was univariately associated with lower risk of HF hospitalisation but not mortality; this association was lost in multivariate analysis. Possible explanations for differences when compared to other studies include the more homogeneous cohort recruited in SHIFT, notably since the patients had a relatively high heart rate and higher rates of usage of guideline-recommended cardiovascular medications than patients recruited in other trials.
A number or risk models have been developed in HF [5] [6] [7] 16, [25] [26] [27] . Although all the models are helpful, their performance is inconsistent HR = hazard ratio. CI = confidence interval. SBP = systolic blood pressure. DBP = diastolic blood pressure. LVEF = left ventricular ejection fraction. NYHA = New York Heart Association. eGFR = estimated glomerular filtration rate. CRT = cardiac resynchronisation therapy. ICD = Implantable cardioverter defibrillator.
[26] and many are overly complex for routine clinical practice. Moreover, insofar as the use of contemporary therapies may affect the utility of the models, there is a need for models constructed in contemporary environments using parameters that are easily measured at the bedside [28] . The SHIFT Risk Score constitutes a simple solution for patient with higher heart rates, and is now accessible on the internet (www.shift-study.com), with full details of the computation of risk probabilities so that these can readily be programmed into local clinical systems. Our findings can therefore be used in routine clinical practice to provide a measure of the mortality risk for the individual patient.
The main limitation to our study is that it is restricted by the profile of the patients included in the SHIFT trial, i.e. patients with chronic HF in sinus rhythm and with a resting heart rate ≥ 70 bpm. The model can predict outcomes over 2 years, i.e. the duration of the SHIFT follow-up, extrapolation beyond the SHIFT-type patient and longer follow-up may be unreliable. A number of potentially important variables are missing from the model, such as N-terminal pro-brain natriuretic peptide, since the data were not available. Incorporation of such information is likely to improve the goodness of fit of the models for the primary outcome and hospitalisation for HF. However, we note that the goodness of fit for predicting these outcomes was significantly improved in the more complex models presented in Appendix B. We have not yet tested the risk model outside the realms of the SHIFT population. Prospective validation in other populations would provide important additional information. Dashes (-) reflect variables not included in the model. HR = hazard ratio. CI = confidence interval. BMI = body mass index. LVEF = left ventricular ejection fraction. SBP = systolic blood pressure. NYHA = New York Heart Association.
Table 4
Top 10 multivariable predictors of the primary outcome, all-cause mortality, cardiovascular mortality, and heart failure (HF) hospitalisation (approach including baseline therapies). Dashes (-) reflect variables not included in the model. HR = hazard ratio. CI = confidence interval. BMI = body mass index. LVEF = left ventricular ejection fraction. SBP = systolic blood pressure. NYHA = New York Heart Association.
In conclusion, a risk model using simple, readily obtainable clinical characteristics can provide important prognostic information in patients with chronic HF and systolic dysfunction. The SHIFT Risk Models provide valuable information for clinical decision-making and can support the delivery of appropriate therapy to the patients for whom the benefits are likely to be the greatest.
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